INTRODUCTION
============

MicroRNA (miRNA), one of the conserved class of small non-coding RNAs of \~22 nucleotides (nt), participates in the control of protein-coding gene expression via base pairing to the 3′ untranslated region (3′ UTR) of messenger RNA (mRNA) ([@b1-bmb-50-226]). Since the discovery of their role in miRNA-mediated gene silencing (MGS), the regulatory modes and mechanisms of action involved have been studied, comparing between miRNA- and mock-transfected cells, or wild type and miRNA-knockout cells ([@b2-bmb-50-226]--[@b6-bmb-50-226]). The major determinants of efficient miRNA targeting include the conserved Watson-Crick base pairing (called seed pairing) between 3′ UTR of mRNA and the miRNA seed region; additional base pairing include position 8 of miRNA (7mer-m8, 7m8 site) and the presence of adenine opposing position 1 of miRNA (7mer-A1, 7A1 site), or both the additional base pairing at position 8 and the presence of adenine opposing position 1 of miRNA (8mer site) ([@b1-bmb-50-226]). With seed pairing, the global downregulation of mRNA targeted by miRNA was first evidenced by reverse transcription polymerase chain reaction (RT-PCR) experiments ([@b7-bmb-50-226]) and microarray data analysis ([@b8-bmb-50-226]); although, the first miRNA to be discovered (lin-4) was previously shown to control the expression of its target protein, LIN-14, at the translational level ([@b9-bmb-50-226]).

Multiple studies using miRNA-transfected cell lines ([@b10-bmb-50-226]--[@b12-bmb-50-226]), miRNA knockouts in zebrafish embryos ([@b13-bmb-50-226]) and mouse neutrophils ([@b10-bmb-50-226], [@b11-bmb-50-226], [@b13-bmb-50-226]), high-throughput RNA sequencing (RNA-seq), and ribosome-protected fragment (RPF) sequencing (Ribo-seq), have investigated the miRNA regulatory mechanisms, revealing that both post-transcriptional and translational regulation modes are involved in MGS. Debates over the relative contribution and order of the two regulatory modes have elucidated the dynamics of miRNA-mediated repression. In addition, miRNA-transfection in human cell lines and miRNA knockout experiments in mice revealed that the destabilization of target mRNAs, rather than translational repression, is most responsible for MGS ([@b10-bmb-50-226], [@b11-bmb-50-226]). Recent experiments using either a zygotic dicer mutant with significantly reduced levels of miR-430 ([@b13-bmb-50-226]) or miRNA-transfection ([@b14-bmb-50-226]), were conducted to study the early developmental stages of zebrafish embryos. These researches claim that the targets are translationally repressed early on (\~4 hours after miRNA transfection), and post-transcriptionally downregulated later (\~6 hours after miRNA transfection) ([@b13-bmb-50-226]), thus describing an early translational repression and a later dominant destabilization of the target mRNAs.

Although the majority of MGS-related studies mainly deal with the protein-coding genes, a handful of studies have examined the interaction between miRNA and long non-coding RNA (lncRNA), which is the other class of non-coding RNA longer than 200 nt ([@b15-bmb-50-226]--[@b18-bmb-50-226]). lncRNAs are k versatile, heterogeneous RNA molecules, involved in diverse biological processes, such as transcriptional, post-transcriptional, and translational regulation of gene expression ([@b19-bmb-50-226]). Although the concept of competing endogenous RNA (ceRNA) is not widely accepted, recent reports indicate the functional role of lncRNAs containing miRNA target sites as miRNA-decoys that quench the endogenous miRNAs to their binding sites ([@b20-bmb-50-226], [@b21-bmb-50-226]). Interestingly, some lncRNAs that quench the miRNAs via these sites get destabilized ([@b22-bmb-50-226]--[@b24-bmb-50-226]), whereas others are resistant to or not affected by the miRNA-mediated repression ([@b25-bmb-50-226], [@b26-bmb-50-226]). For example, a well-studied lncRNA, the metastasis associated lung adenocarcinoma transcript 1 (non-protein coding) (MALAT1), is known to be repressed by miR-9 ([@b22-bmb-50-226]). Similarly, PTENP1, a pseudogene transcript of the tumor suppressor phosphatase and tensin homolog (PTEN), is repressed by endogenous miRNA targeting, and quenches the endogenous miRNAs (e.g., miR-20a, miR-19b, and miR-21), thus inhibiting the targeting of other mRNAs ([@b23-bmb-50-226]). Conversely, although the circular lncRNA (ciRS-7) that binds to miRNA-7 thorough its canonical target sites quenches miRNA, it is not repressed by MGS ([@b25-bmb-50-226]). So far, the factors that determine miRNA regulatory modes remain unknown.

lncRNAs lacking the open reading frames (ORFs) and protein-coding potential, share similar characteristics with protein-coding genes in terms of post-transcriptional processing ([@b27-bmb-50-226]). A substantial number, but not all of the lncRNAs, undergo similar post-transcriptional processing, such as 5′ capping, 3′ polyadenylation, and splicing ([@b28-bmb-50-226]). However, recent studies using Ribo-seq and mass spectrometry revealed that lncRNAs containing small ORFs (sORFs) translate small peptides ([@b29-bmb-50-226]--[@b33-bmb-50-226]). Moreover, 4 mouse and 12 human lncRNAs are now known to have sORFs, as predicted by Ribo-seq. Considering that lncRNAs containing 5′ cap, 3′ poly(A)-tail, and sORFs resemble protein-coding mRNAs in terms of having a similar structure, the lncRNAs with these three features may have regulatory functions (i.e., post-transcriptional and translational gene silencing) that are similar to those of protein-coding genes.

RESULTS
=======

High-confidence set of lncRNAs
------------------------------

To acquire a high-confidence set of lncRNAs, the public lncRNA gene annotations ([@b34-bmb-50-226]--[@b36-bmb-50-226]) were re-examined, and a high-confidence set of mRNA-like lncRNAs embedding a 5′ cap, 3′ poly(A), sORF, or all three, were built ([Supplementary Fig. S1](#s1-bmb-50-226){ref-type="supplementary-material"}). We first checked whether the lncRNAs are fragmented by examining the exon junctions between the lncRNAs and neighboring genes using publicly available RNA-seq data from the three early developmental stages in zebrafish (see [Supplementary Material](#s1-bmb-50-226){ref-type="supplementary-material"} for more details). Both ends of the full-length lncRNAs were then updated with transcription start sites (TSSs) and cleavage and polya-denylation sites (CPSs), which denote the presence of 5′ cap and 3′ poly(A)-tail respectively; these were predicted from cap analysis gene expression sequencing (CAGE-seq) ([@b37-bmb-50-226]) and poly(A)-position profiling by sequencing (3P-seq) ([@b38-bmb-50-226]) data from the same developmental stages, respectively ([Fig. 1A](#f1-bmb-50-226){ref-type="fig"}; see [Supplementary Material](#s1-bmb-50-226){ref-type="supplementary-material"} for more details). If CPS was distant from the 3′ end of the transcript, only CPS supported by the newly assembled transcript was assigned to the corresponding transcript. This led to the identification of 4,276 lncRNAs that contain CPS, 3,598 that contain TSS, and 1,959 that contain both TSS and CPS ([Fig. 1B](#f1-bmb-50-226){ref-type="fig"}). Next, the coding potential of lncRNAs was examined by searching for sORFs with 3 nt periodicity ([Supplementary Fig. S2](#s1-bmb-50-226){ref-type="supplementary-material"}; see [Supplementary Material](#s1-bmb-50-226){ref-type="supplementary-material"} for more details) in the publicly available Ribo-seq data from stage-matched samples, using Ribotaper ([@b30-bmb-50-226]). Consequently, 812 lncRNAs were predicted to be mRNA-like lncRNAs that have a putative sORF encoding less than 100 amino acids ([Fig. 1B](#f1-bmb-50-226){ref-type="fig"}). In addition, 512 lncRNAs were predicted to have a putative ORF equal to or greater than 100 amino acids, and were analyzed separately from the lncRNAs discovered to have sORFs. Among the 8,534 lncRNAs predicted to have no ORFs, 1,083 were predicted as protein-coding mRNAs using the Coding Potential Calculator (CPC) ([@b39-bmb-50-226]), and were excluded from the lncRNA set without ORFs, thus yielding 7,451 lncRNAs without any ORF ([Fig. 1B](#f1-bmb-50-226){ref-type="fig"}). For protein-coding mRNAs, the CPS and TSS updates were applied for better profiling of expression levels, as was done for lncRNAs. In total, 20,403 mRNAs contained TSS and 15,576 contained CPS ([Fig. 1C](#f1-bmb-50-226){ref-type="fig"}), showing a higher proportion than that found for lncRNAs, which is consistent with observations in a previous study ([@b40-bmb-50-226]). For all the transcript annotations, \~70% (41,690) were protein-coding transcripts, \~17% (9,858) were lncRNA transcripts, and the remainder was considered as other ncRNA transcripts ([Fig. 1D](#f1-bmb-50-226){ref-type="fig"}).

The stability of lncRNAs is dependent on mRNA-like features
-----------------------------------------------------------

Since protein-coding mRNAs are more abundant and stable than lncRNA genes ([@b41-bmb-50-226]), we questioned whether the stability of lncRNAs is different based on mRNA-like features, such as the 5′ cap, 3′ poly(A)-tail or sORF. For miRNA targeting analysis, the expression levels of the updated protein-coding mRNAs and lncRNAs were calculated using the RNA-seq by expectation-maximization, RSEM ([@b42-bmb-50-226]) ([Supplementary Fig. S1](#s1-bmb-50-226){ref-type="supplementary-material"}; see [Supplementary Material](#s1-bmb-50-226){ref-type="supplementary-material"} for more details). We compared the expression levels of lncRNAs to those of protein-coding mRNAs, revealing consistently higher expression of protein-coding mRNAs at all stages ([Fig. 2A](#f2-bmb-50-226){ref-type="fig"}). We then compared the lncRNAs with no mRNA-like features to those with the features. While the expression levels of lncRNAs containing TSSs was similar to that of lncRNAs with no mRNA-like features at the 4 hours post-fertilization (hpf) stage ([Fig. 2B](#f2-bmb-50-226){ref-type="fig"}; P = 0.210), the lncRNAs containing CPSs were significantly more abundant and stable than those with no mRNA-like features at all stages ([Fig. 2C](#f2-bmb-50-226){ref-type="fig"}; P = 1.709 × 10^−9^ for 2 hpf; P = 8.572 × 10^−10^ for 4 hpf; P = 1.215 × 10^−8^ for 6 hpf). This observation agrees with previous in vitro results, showing that the existence of 3′ poly(A)-tail, the product of a cleavage and polyadenylation event ([@b43-bmb-50-226]), is an important determinant of RNA stability, where the poly(A)-binding protein (PABP) binds to the 3′ poly(A)-tail and stabilizes the RNA, whereas the RNA without a 3′ poly(A)-tail is quickly degraded ([@b44-bmb-50-226]). Interestingly, the lncRNAs with sORFs were more abundant and stable than those with no sORFs ([Fig. 2D](#f2-bmb-50-226){ref-type="fig"}; P = 9.302 × 10^−8^ for 2 hpf; P = 8.292 × 10^−6^ for 4 hpf; P = 6.951 × 10^−8^ for 6 hpf). As the lncRNAs with CPSs were observed to be more stable and highly expressed, we suspected that the higher expression levels of lncRNAs with sORFs could be explained by the presence of CPS. Therefore, lncRNAs with CPSs and sORFs were compared to those with CPSs but no sORFs, revealing greater abundance and stability for lncRNAs with CPSs and sORFs ([Fig. 2E](#f2-bmb-50-226){ref-type="fig"}). Taken together, these results are evidence in support of a 5′ cap, 3′ poly (A)-tail and sORF being important determinants of lncRNA stability and expression levels. In fact, the lncRNAs with sORFs tended to have both TSS and CPS, indicating mRNA-like lncRNAs (P \< 2.200 × 10^−16^; one-sided Fisher's exact test, [Fig. 2F](#f2-bmb-50-226){ref-type="fig"}).

The lncRNAs are affected by miRNAs at an early stage of development
-------------------------------------------------------------------

To investigate the impact of miRNA transfection on lncRNAs, we predicted canonical miRNA target sites, including 8mer, 7m8, 7A1, and 6mer sites in the whole exons and 3′ UTRs of lncRNAs, and protein-coding mRNAs, respectively ([Fig. 3A](#f3-bmb-50-226){ref-type="fig"} and [Supplementary Fig. S3](#s1-bmb-50-226){ref-type="supplementary-material"}). As expected, the proportion of miR-132 and miR-155 site types was very similar between protein-coding mRNAs and lncRNAs ([Fig. 3B](#f3-bmb-50-226){ref-type="fig"}). Analyses of the changes in RNA and RPF levels between mock- and miR-132/155-injected zebrafish embryos revealed that protein-coding mRNAs displayed translational repression in early zebrafish embryo stages (pre-MZT), at 2 and 4 hpf, but not at the 6 hpf ([Supplementary Fig. S4](#s1-bmb-50-226){ref-type="supplementary-material"}, bottom). Instead, the majority of the downregulation resulted from post-transcriptional repression at the 6 hpf stage ([Supplementary Fig. S4](#s1-bmb-50-226){ref-type="supplementary-material"}, top). However, lncRNAs showed significant repression in RNA levels at an earlier stage of development (2 hpf) ([Fig. 3C](#f3-bmb-50-226){ref-type="fig"}, top). Although the change of RPF levels at the subsequent time (4 hpf) was significant ([Supplementary Fig. S5](#s1-bmb-50-226){ref-type="supplementary-material"}), the change of the RPF level was mainly caused by the change of the RNA level, resulting in no change of translation efficiency ([Fig. 3C](#f3-bmb-50-226){ref-type="fig"}, bottom), which is the change of RPF levels normalized by those of RNA. These results demonstrate that a substantial portion of lncRNA population might interact with miRNA, and are mostly affected in RNA levels at an early stage of development, compared to protein-coding genes.

miRNA impacts mRNA-like lncRNAs
-------------------------------

We hypothesized that lncRNAs with mRNA-like features can be regulated by miRNA transfection in a different scale or manner, compared to other lncRNAs. To test this hypothesis, the subset of lncRNAs containing mRNA-like features was compared to those without these features, with respect to the response to miRNA transfection ([Fig. 4A--C](#f4-bmb-50-226){ref-type="fig"}). Since the number of lncRNAs is much less than the number of protein-coding mRNAs, log2 fold changes of miR-132 and -155 targets, and of non-targets, were combined in the downstream analysis, to achieve predictive statistical-power for the lncRNA subgroups. The lncRNAs with TSS or CPS, which are the evidence of 5′ cap and 3′ poly(A)-tail respectively, exhibited significant repression by miRNA transfection in the RNA and RPF levels at 2 and 4 hpf of zebrafish embryos, respectively, while lncRNA without TSS or CPS did not exhibit significant repression at any developmental stages of the zebrafish embryos ([Fig. 4A, B](#f4-bmb-50-226){ref-type="fig"}). For further assessment of lncRNA with mRNA-like features, lncRNAs with both TSS and CPS, and with sORF, were respectively analyzed in the same manner ([Fig. 4C](#f4-bmb-50-226){ref-type="fig"}). lncRNAs with both TSS and CPS showed significant repression of RNA and RPF levels at 2 hpf and 4 hpf of zebrafish embryos, respectively. While those with sORF did not exhibit significant translational repression mediated by miRNA at any developmental stages, lncRNAs with TSS and CPS exhibited significant reduction in translational efficiency at 4 hpf of zebrafish embryo ([Fig. 4C](#f4-bmb-50-226){ref-type="fig"}). Taken together, these results support our hypothesis of miRNA-mediated repression on mRNA-like lncRNAs, as shown in exemplified lncRNAs containing miRNA target site with/without both TSS and CPS ([Supplementary Fig. S6A, B](#s1-bmb-50-226){ref-type="supplementary-material"}). Note that *ENSDART00000128177*, a lncRNA classified as a processed transcript, supported by both TSS and CPS and predicted to contain miR-155 7m8 site, was downregulated in RNA and RPF levels at 2 hpf and 4 hpf of miR-155 injected zebrafish embryos ([Supplementary Fig. S6A](#s1-bmb-50-226){ref-type="supplementary-material"}), while *ENSDART00000152905*, a lncRNA classified as an antisense transcript not supported by TSS and CPS, and predicted to contain miR-155 8mer target site, was not ([Supplementary Fig. S6B](#s1-bmb-50-226){ref-type="supplementary-material"}).

lncRNAs with putative ORFs are affected by miRNA as mRNA-like lncRNAs
---------------------------------------------------------------------

In addition to lncRNAs with sORFs, the subsets of lncRNAs containing putative ORFs that possibly encode peptides longer than 100 amino acids, were separately analyzed ([Supplementary Fig. S7](#s1-bmb-50-226){ref-type="supplementary-material"}). At all developmental stages in the zebrafish embryos, the expression levels of lncRNAs having putative ORFs were significantly higher than those lacking the evidence of any ORF ([Supplementary Fig. S7A](#s1-bmb-50-226){ref-type="supplementary-material"}; P = 7.529 × 10^−13^ for 2 hpf; P = 2.913 × 10^−11^ for 4 hpf; P = 1.053 × 10^−4^ for 6 hpf). Although the expression levels for lncRNAs containing putative sORFs or ORFs were comparable to each other throughout the developmental stages (P = 0.062 for 2 hpf; P = 0.056 for 4 hpf; P = 0.621 for 6 hpf), their expression levels were much lower than that of protein-coding mRNAs at any stage ([Supplementary Fig. S7A](#s1-bmb-50-226){ref-type="supplementary-material"}; P = 8.742 × 10^−21^ for 2 hpf; P = 1.069 × 10^−22^ for 4 hpf; P = 5.541 × 10^−5^ for 6 hpf). Next, the lncRNAs with putative ORFs were analyzed for similar mode of miRNA targeting as that for lncRNAs with sORFs. Akin to the lncRNAs with sORF, those with the putative ORFs exhibited a similar pattern and degree of repression of RNA levels at 2 hpf, but no repression of RPF levels and translational efficiency at any other stage ([Supplementary Fig. S7B](#s1-bmb-50-226){ref-type="supplementary-material"}).

DISCUSSION
==========

We used the RNA-seq and Ribo-seq data from multiple developmental stages of zebrafish embryos ([@b14-bmb-50-226]), to study the interaction between miRNAs and lncRNAs with mRNA-like features. While there is an established pattern of MGS observed in protein-coding genes --- early translational repression and late, predominant post-transcriptional repression ([@b10-bmb-50-226], [@b13-bmb-50-226], [@b14-bmb-50-226]) --- different pattern of MGS, the repression of RNA and RPF levels at 2 hpf and 4 hpf of zebrafish embryos, were observed in lncRNAs. A subsequent analysis of the lncRNA subsets containing TSS, CPS, or sORF signals revealed that the presence of 5′ cap and poly(A) tail might be required for efficient miRNA targeting and miRNA-mediated lncRNA repression at both the RNA and RPF levels. Post-transcriptional repression, observed on lncRNAs with both the TSS and CPS at an early stage of development (\~2 hpf of zebrafish embryo), compared to those on protein-coding mRNAs, could be explained by the relatively shorter half-lives of lncRNAs ([@b45-bmb-50-226]). What was interesting was significant translational repression of lncRNA with mRNA like features, 5′ cap and 3′ poly(A)-tail mediated by miRNA. This result coincides with the observation from the previous study that circular RNA ciRS-7, which lack both 5′ cap and 3′ poly(A)-tail structure, were not affected by miRNAs and worked as a functional miRNA decoy, while polyadenylated, linear construct of ciRS-7 exhibited miRNA-mediated repression ([@b25-bmb-50-226]). Therefore, we propose that the presence of a 5′ cap and 3′ poly(A)-tail in lncRNAs would be one of important determinants of miRNA-mediated repression in lncRNAs ([Supplementary Fig. S8](#s1-bmb-50-226){ref-type="supplementary-material"}). As many lncRNAs contain the 5′ cap and 3′ poly(A)-tail ([@b28-bmb-50-226]), this miRNA-mediated repression of lncRNAs may represent a new regulatory regime for non-coding RNA networks. Moreover, as lncRNAs without those features were not significantly affected by miRNAs, it is possible that the subset of lncRNAs without 5′ cap and 3′ poly(A)-tail might work as functional miRNA decoys.

MATERIALS AND METHODS
=====================

Detailed information is provided in the [Supplementary Material](#s1-bmb-50-226){ref-type="supplementary-material"}.
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![mRNA-like lncRNA annotations. (A) A schematic flow of TSS and CPS updates of transcripts. (B) Numbers of lncRNAs with TSSs, CPSs, or sORFs. (C) Numbers of protein-coding mRNAs with TSSs or CPSs. (D) Composition of zebrafish transcripts after the TSS and CPS updates.](bmb-50-226f1){#f1-bmb-50-226}

![Expression levels of lncRNAs with mRNA-like features at three developmental stages. (A--E) The expression levels of protein-coding mRNAs and lncRNAs are shown in box plots. The y-axis indicates the expression level, reads per kilobase of exons per million mapped reads (RPKM) in logarithm with base 2. The middle line in the boxes is the median level (\*P ≤ 0.05, \*\*P ≤ 0.01, and \*\*\*P ≤ 0.001; NS, not significant; two-sided Kolmogorov Smirnov test) (A) Box plots showing expression levels for all protein-coding mRNA and lncRNA. (B--D) Box plots showing expression levels for subsets of lncRNAs with mRNA-like features. (B) The expression levels of lncRNAs with or without TSS are shown in box plots. (C) The expression levels of lncRNAs with or without CPS in box plots. (D) The expression levels of lncRNAs with or without sORF in box plots. (E) The expression levels of polyadenylated lncRNAs with or without sORF in the box plots. (F) The composition of lncRNAs with TSSs, CPSs, or both (\*P ≤ 0.05, \*\*P ≤ 0.01, and \*\*\*P ≤ 0.001; one-sided Fisher's exact test).](bmb-50-226f2){#f2-bmb-50-226}

![miRNA targeting on lncRNAs. (A) Canonical miRNA target sites. (B) The number of protein-coding mRNAs (left) and lncRNAs (right) embedding miR-132 or miR-155 target sites. In case of multiple sites, only the site with a greater impact was considered as the site corresponding to the transcript. (C) The cumulative distribution functions (CDFs) show the changes of RNA expression (top) and translational efficiency (bottom) for lncRNAs with miRNA (red) and random target sites (purple) (see [Supplementary Material](#s1-bmb-50-226){ref-type="supplementary-material"} for more details), at each developmental stage in the zebrafish embryos. The number of miRNA and random target sites are shown in parenthesis in top left corner. P values were calculated using a one-tailed Wilcoxon rank-sum test and are shown at the top left corner. For each CDF, the median fold change (log2) and the number of 7mer sites of miR-132 and miR-155 (right), which are 8mer (green), 7m8 (sky blue) and 7A1 (dark orange), are depicted.](bmb-50-226f3){#f3-bmb-50-226}

![miRNA-mediated repression of lncRNAs with 5′ cap and 3′ poly(A)-tail. (A--C) Median fold changes of RNA (left), RPF (middle) levels and translational efficiency (asterisk, \*TE in right) of lncRNAs containing canonical miR-132 and -155 target sites with or without mRNA-like features, such as TSS (A), CPS (B), sORF or both TSS and CPS (C). The P values were calculated using one-tailed Wilcoxon rank sum test as in [Fig. 3C, D](#f3-bmb-50-226){ref-type="fig"}. \*P ≤ 0.05, \*\*P ≤ 0.01, and \*\*\*P ≤ 0.001.](bmb-50-226f4){#f4-bmb-50-226}
